Objectives: To evaluate in vivo brain metabolite differences in control subjects, individuals with premanifest Huntington disease (pre-HD), and individuals with early HD using 1 H magnetic resonance spectroscopy (MRS) and to assess their relationship with motor performance.
The eventual development of Huntington disease (HD) symptoms can be predicted through detection of CAG trinucleotide repeat expansion in the HTT gene 1 in premanifest gene carriers. However, definitive HD biomarkers, able to objectively identify disease onset and progression, are lacking. Evaluation of potential biomarkers are the focus of longitudinal studies such as TRACK-HD 2 and PREDICT-HD. 3 
1
H magnetic resonance spectroscopy (MRS) has previously been evaluated as a biomarker modality in premanifest and early HD. [4] [5] [6] [7] [8] [9] [10] [11] However, the literature is conflicted with regard to the utility of metabolites such as total N-acetylaspartate (tNAA), a measure of neuronal integ-rity, 12 as potential biomarkers in HD. In an attempt to address these discrepant findings, arising in part from small subject numbers, poorly comparable outcome measures and heterogeneity within patient cohorts, we sought to determine the potential of MRS as an HD biomarker using large numbers of subjects in defined, homogeneous clinical cohorts and examined MRS outcome measures normalized to unsuppressed water rather than metabolites such as total creatine (tCr) which are affected in HD. 6, 11 TRACK-HD is an observational HD study that is taking place in Europe and 1 location in North America (Vancouver). Eighty-four individuals (30 controls, 25 pre-HD, and 29 early HD individuals) from the University of British Columbia (UBC), Vancouver, Canada, cohort underwent cross-sectional MRS examination of the left putamen and immediately surrounding white matter. We report baseline data from this prospective longitudinal study and correlate findings with selected measures of motor dysfunction.
METHODS Subjects. All subjects were recruited and evaluated at UBC, Vancouver, as part of TRACK-HD. 2 Eighty-five participants were enrolled between January and August 2008. These comprised early HD (n ϭ 30), pre-HD (n ϭ 25), and control (n ϭ 30) individuals. Pre-HD participants were selected based on 1) CAG repeat expansion within the HTT gene (40 CAG repeats or greater), 2) Unified Huntington's Disease Rating Scale (UHDRS) motor component score of 5 or less, indicating absence of marked motor deficits, and 3) disease burden score (DBS) of 220 or greater. The DBS, an index of mutant huntingtin protein exposure calculated as (age ϫ [CAG Ϫ 35.5]), 13 was used to select pre-HD individuals closer to predicted disease onset to maximize comparisons with controls. Of 25 pre-HD individuals, 22 had DBS of Ͼ250, with scores between 220 and 240 in the remaining 3.
Standard protocol approvals, registrations, and patient consents. The study was approved by UBC Human Research Ethics Committee. Written informed consent was obtained from each participant.
Procedures. Research participants were assessed using the UHDRS-99 motor component, performed by a trained rater (A.S.). DBS was calculated for early and pre-HD individuals.
The TRACK-HD battery employs novel quantitative motor assessments including tongue force measurement (glossomotography) and force transducer based self-paced tapping tasks (digitomotography). Glossomotography involves assessment of isometric forces during sustained tongue protrusion using a force transducer. Subjects matched a target force (0.5 N) presented on a monitor for 20 seconds (4 trials). Tongue pressure variability (coefficient of variation) and contact time (percentage of time tongue was contacting transducer) were calculated. During digitomotography, precision of timing for self-paced tapping was recorded. Subjects matched auditory cues (1.8-Hz rate) and continued tapping with the same frequency after cues stopped (5 trials). Variability of deviations of 1) tap initiation from predefined tapping frequency and 2) interval between midpoints of consecutive taps were calculated for the self-paced period (after cues had stopped). These tasks are sensitive to pre-HD motor impairment and can differentiate pre-HD and early HD individuals. 2 Since we were interested in left hemisphere MRS changes, right-handed self-paced tapping was used. Tongue pressure tasks involved midline protrusion of the tongue. No lateral tongue movement was required.
Subjects underwent MRI examination at 3 T (Philips Achieva magnetic resonance [MR] scanner). MR spectra were obtained using single-voxel point resolved spectroscopy localization sequence in the left putamen. Scan parameters included 3.5 cm ϫ 1 cm ϫ 1. Statistics. The TRACK-HD study's lead statistician, Dr. Doug
Langbehn, ensured that participants recruited into TRACK-HD were gender-and age-matched across groups. All group comparisons were made using one-way analysis of variance with post hoc Newman-Keuls multiple comparison tests. Scatterplots and linear regression were used to compare metabolites against DBS and motor outcomes. Linear correlations were investigated using the method of least squares. Metabolite differences across groups. Figure 2 shows metabolite differences between groups. In early HD, tNAA and tCr were 15% and 18% lower than in controls (p Ͻ 0.001). In contrast, mI was 50% higher in early HD compared to pre-HD (p Ͻ 0.01). These findings suggest sensitivity for these metabolites as markers of altered neurochemistry in early HD.
RESULTS
mI and mI/tNAA correlate with UHDRS motor scores in early HD. In an attempt to maximize sensitivity to disease severity, 2 metabolites exhibiting marked differences in early HD were combined as mI/tNAA. None of these metabolite measures correlated with declining motor performance across control, pre-HD, and early HD (data not shown).
Figure 1 Samples of manual putamen segmentation and magnetic resonance spectra by subject group
Axial MRI brain slices, at 3 consecutive anatomical levels, used to perform manual segmentation of the voxel. A and B provide an example of the putaminal delineation required for manual segmentation. D-F: Representative MR spectra from the control, pre-HD, and early HD groups. Per our group findings, NAA levels displayed are lower and mI levels are higher in the early HD spectra than in the control spectra. Cho ϭ choline; Cr ϭ creatine; Glu ϭ glutamate; HD ϭ Huntington disease; mI ϭ myo-inositol; NAA ϭ N-acetylaspartate; pre-HD ϭ premanifest Huntington disease. Women, % (n) 63 (19) 56 (14) 28 (8) Antidepressant use, % (n) 17 (5) 32 (8) 72 (21) Neuroleptic use, % (n) --34 (10) Abbreviations: HD ϭ Huntington disease; pre-HD ϭ premanifest HD. a Only in pre-HD was the mean age different from both early HD and controls ( p Ͻ 0.05, one-way analysis of variance with post hoc Newman-Keuls multiple comparison test).
Since mI differences occurred in early HD, motor correlations were investigated within this group and across pre-HD and early HD (table 2) . In early HD, mI and mI/tNAA correlated with UHDRS motor score.
Metabolite correlations with quantitative motor performance across pre-HD and early HD. Across pre-HD and early HD, tNAA and mI/tNAA correlated with the tongue pressure variability measure.
For digitomotography correlations 6 left-handed individuals (4 pre-HD, 2 early HD) were excluded to ensure homogeneity on this right-handed task.
Metabolite correlations with motor performance in pre-HD. Metabolite correlations with pre-HD motor performance were few (data not shown). Exceptions were tNAA correlation with tongue pressure variability (R 2 ϭ 0.32, p Ͻ 0.005), and tCr correlations with self-paced tapping (R 2 ϭ Figure 2 1 H magnetic resonance spectroscopy in controls and subjects with premanifest and early
Huntington disease (HD)
Error bars denote SEM for each group. Asterisks indicate level of significance: *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. Group comparisons were made using one-way analysis of variance with post hoc Newman-Keuls Multiple Comparison Tests. Glu ϭ glutamate; mI ϭ myo-inositol; NAA ϭ N-acetylaspartate; pre-HD ϭ premanifest Huntington disease; tCho ϭ total choline; tCr ϭ total creatine; tNAA ϭ total N-acetylaspartate. Abbreviations: HD ϭ Huntington disease; mI ϭ myo-inositol; NAA ϭ N-acetylaspartate; pre-HD ϭ premanifest HD; tCr ϭ total creatine; tNAA ϭ total N-acetylaspartate; UHDRS ϭ Unified Huntington's Disease Rating Scale. a Values supplied are R 2 correlations, p values are given in parentheses. b Note that a ceiling effect was observed for the UHDRS-motor score in pre-HD, since a total score of greater than 5 was a predefined exclusion criterion.
Tongue contact time also had a ceiling effect in pre-HD with a large proportion of this group achieving the maximum contact time (100%). For this reason, correlations with these measures were not performed across pre-HD and early HD. These ceiling effects were not identified in the early HD group. DISCUSSION An objective of this study was to clarify conflicting reports regarding the utility of MRS as an HD biomarker modality. Our focus was mI, tNAA, and their differences between control, pre-HD, and early HD individuals. In early HD, we correlated metabolites with performance on standard and novel quantitative motor tasks sensitive to early deficits in HD. A strength of this study is the normalization of metabolites to unsuppressed water signal, a technique previously reported in HD spectroscopy studies. 5, 7, 8 By avoiding normalization to other metabolites (e.g., tCr), which are also disturbed in the HD brain, 8 these measurements more likely reflect true biochemical change and permit direct comparison between studies. Furthermore, unlike most HD MRS studies, which utilize 1.5 T magnets, 7,9,10,16-18 3 T MRS provides improved signal-to-noise ratio (SNR). This study also has larger, more homogeneous subject groups than earlier studies and the longitudinal design of TRACK-HD allows future evaluations of the same subjects.
The role of NAA in neuronal function is poorly understood. Synthesized within mature neurons, tNAA concentration within gray matter reflects neuronal number and viability, while in white matter it is a marker of axonal density. [19] [20] [21] [22] Total NAA was 15% lower in early HD than controls. It also correlated with a glossomotography measure in pre-HD and across pre-HD and early HD. Total NAA correlated with DBS across pre-HD and early HD. In pre-HD we did not identify the recognized association of tNAA with DBS. 10 A narrow DBS range in pre-HD, a likely indirect consequence of enforcing a strict UHDRS motor score upper limit, may have contributed to this lack of correlation. In early HD also, tNAA did not correlate with DBS. A possible explanation may be that loss of putaminal tissue in early HD is paralleled by tNAA reduction, theoretically causing absolute tNAA concentration to plateau with resulting lack of correlation with DBS. Our findings are consistent with reported lower tNAA in akinetic HD (Ϫ66%) compared to controls, and correlation of tNAA with motor dysfunction. 7 Interpretation of findings from other studies is limited by reporting tNAA values normalized to other metabolites, obscuring individual metabolite changes. Lower striatal and thalamic tNAA/tCr has been reported in early HD. 6 17] , p Ͼ 0.05), suggesting that early HD absolute tNAA levels, in previous reports, may have been lower than our observations. NAA reductions have been reported on MR spectra of transgenic HD mice, 23 and in putamen of HD-affected individuals. 24 Lack of consistent striatal NAA and tNAA alteration in premanifest and early HD has been reported. 8, 10 Premanifest cohort heterogeneity, in time to predicted disease onset (range Ϫ7 to ϩ29 years vs ϩ7 to ϩ18 years in our study), may have obscured metabolite variation in one study. 8 Heterogeneity in our pre-HD subgroup was minimized by ensuring adherence to a maximum UHDRS motor score, a practice not specifically reported in other studies. 8, 10 mI is an osmolyte and astrocyte marker that is elevated in Alzheimer disease (AD). 25, 26 Manifest HD in adults and juveniles has been associated with high striatal mI.
5, 27 We demonstrate mI differences in early HD that correlate with UHDRS measured motor dysfunction. We found no relationship between mI and quantitative motor battery performance in pre-HD or early HD. mI/tNAA correlated less strongly with motor measures in early HD, and across pre-HD and early HD, than the correlations observed separately for mI and tNAA. Similar metabolite changes occur in asymptomatic individuals carrying gene defects associated with familial AD. 28 Interestingly, in "premanifest AD," tNAA was reduced, and tNAA/mI discriminated presymptomatic spectra from controls. 28 While tNAA correlated with DBS across premanifest and early HD, it correlated more strongly with glossomotor dysfunction in these individuals. Together with mI, tNAA appears to have a potential role as a marker of HD-related motor decline. Putaminal metabolite changes are pertinent since this is a site of early atrophy, identifiable years prior to clinical diagnosis. 29 Furthermore, putaminal atrophy correlates with psychomotor and motor deficits in premanifest HD 30 and early HD. 31 Our correlations suggest a possible role for MRS in evaluating the ability of an intervention to slow disease progression. It should be borne in mind that these cross-sectional assessments were performed at a single timepoint. Future longitudinal comparison is necessary to appreciate metabolite sensitivity to disease progression.
NAA and tCr were correlated against motor performance. NAA was less robustly measured than tNAA (11 measurement exclusions vs no exclusions) and is difficult to differentiate from NAAG, the other tNAA constituent. [2.18] , p Ͼ 0.05)-were comparable in pre-HD and controls. NAA was 8% lower in pre-HD than controls. NAA correlated with quantitative motor performance almost consistently and more strongly than any other metabolite in early HD and across pre-HD and early HD.
In all groups tCr values were comparable to tNAA, while normally tNAA is about 30%-40% higher (depending on brain region). 32 Our findings are supported by very similar, low tNAA/tCr ratios identified within basal ganglia structures of controls and premanifest and manifest HD individuals at 1.5 T and 7 T MRS. 5, 33 This possibly reflects increased basal energy metabolism within these structures.
Since all spectra were analyzed using the same protocol with consistent scaling applied across metabolites, scaling difficulties would not have affected comparisons of estimated tNAA and tCr. Despite lower tCr in early HD, and reports of potential biomarker roles for tCr in HD, 7 we were unable to correlate tCr with early HD motor performance. In pre-HD, and across 17 However, based on findings from a 4-T MRS study, we would expect the SNR reductions and linewidth increases seen in our early HD group to generate up to 4%-6% variation in tNAA and mI estimations. 34 Small SNR or linewidth effects alone would therefore not account for larger mI and tNAA differences in early HD. Furthermore, at 1.5 T, marked SNR reduction and linewidth broadening either did not affect estimated tNAA or generated only 4% increases in tNAA and mI estimations. 35, 36 While the earliest HD neuropathologic changes occur in caudate and putamen, 37 the putamen was selected to avoid averaging CSF into the brain parenchymal compartment. CSF partial volume effects may generate spurious metabolite measurements 5 and is a risk with caudate voxel placement. Due to scanning time restrictions and the finding of early metabolic changes within the left striatum in premanifest HD, 7 the left putamen was chosen as the structure of interest.
The use of larger voxels to improve SNR generates partial volume white matter effects through inclusion of nonputaminal tissue within the voxel. A 3-T MRS study of brain metabolites reported lower mI in white matter than gray matter. 32 This suggests that partial volume white matter effects caused by loss of putaminal volume in transition from premanifest to early HD would diminish the mI difference observed. Hence concentrations presented may underestimate true mI differences. Studies indicate a cortical gray matter/white matter tNAA ratio between 0.8 and 1.2, in adulthood. 38, 39 We cannot guarantee that white matter components are not, partly, responsible for group tNAA differences, but our findings are consistent with smaller voxel studies that minimized partial volume effects. 6, 7 Higher tCho, lower Glu and tCr are found in white matter, 32 making it impossible to know whether our observations reflect authentic pathophysiologic change. Consequently, tCr analyses presented here should be interpreted with care. Estimations of percentage putamen volumes per voxel were performed solely to ascertain the importance of partial volume effects in interpreting results (see appendices e-1 and e-2).
Subjects participating in TRACK-HD were demographically matched across international sites rather than at individual sites, explaining demographic discrepancies between our groups. Fewer early HD women may have impacted metabolite concentrations for this group (figure 2) but regional brain MRS did not identify relevant gender differences in tNAA or mI. 38 Mean age in pre-HD was lower than in early HD and control groups (which were comparable). Consequently, age differences would not explain metabolite differences in early HD.
Use of neurotropic medications was highest in early HD (table 1) . Antidepressant use in a total of over 30 depressed individuals was associated with either unchanged or increased cortical tNAA/tCr ratios at 1.5 T and 3 T. 40,e1 All neuroleptic medicated patients with early HD were taking atypical agents. Atypical antipsychotic medication usage in over 50 patients with schizophrenia did not impact waternormalized thalamic or caudate tNAA levels (1.5 T).
e2,e3 At 1.5 T, an atypical neuroleptic caused 27% elevation in thalamic mI/H 2 O levels.
e4 While onethird of patients with early HD could have experienced medication-induced mI elevations, this would not explain the 50% higher mean mI concentration.
Although not all studies were water-normalized, the evidence suggests that neurotropic usage would not explain our findings.
MRS has advantages over PET in monitoring disease progression. MRS data collection is less expensive and time-consuming, and does not require IV tracer isotope injection. 8 ,e5,e6 Additionally, MRS may be less prone to interoperator variability than some VBM biomarker applications.
e7 These advantages support ongoing assessment of MRS as an HD biomarker modality.
The ability of MRS to track pathologic change at the biochemical level makes it potentially responsive to acute therapeutic interventions. In a creatine supplementation study in early HD, MRS identified cortical glutamate reductions within 10 weeks. 18 Thus MRS can potentially identify early reversal of pathologic processes, a finding that would be unlikely with structural imaging. The longitudinal assessment of our cohort, and replication of this study in a second large premanifest and early HD cohort, ideally in the setting of a therapeutic trial, will be necessary to fully validate these findings.
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